Introduction
Ionic liquids have been the subject of study over the past several years and there are quite a few advantages to their use in charge storage devices such as extremely low volatility, high voltage window, and inherently high concentration of cations and anions for charge transport processes [1] [2] [3] [4] [5] [6] [7] [8] . Several ionic liquids are also commercially available. Purity of ionic liquids has been the subject of several publications [9] [10] [11] . The impurities (chloride or water for example) discussed in these publications have a profound effect on the physical properties of the ionic liquids. There is a continuing discussion about the effect of ionic liquid purification on the electrochemical performance of electroactive charge storage devices. In this chapter we examine the effect of column chromatography purification of ethyl methyl imidazolium bis(trifluoromethanesulfonylimide), (EMIBTI) (synthesized by our laboratory on the 100 gram scale) on the performance of a Type I electroactive polymer supercapacitor based upon poly(propylene dioxythiophene) (PProDOT). The EMIBTI was purified on a 100-gram scale preparatory column using 20% acetonitrile and 80% chloroform as the eluting solvent. A detailed analysis was performed on the ionic liquid and impurities such as water, lithium chloride, imidazolium, and other elements and compounds. Best efforts were made to quantify the amounts of these impurities. An attempt was made to correlate the presence or absence of an impurity with electrochemical growth and performance of the Type I electroactive supercapacitor.
Electron microscopy of electrodeposited films
Electron microscopy of the electrode ends employed a Zeiss EVO-50 SEM. Most images were taken using 6 kilo-volt (kv) accelerating voltage and a calculated beam current of 10 to 25 picoamperes (pA). Images were collected using either a Secondary Electron (SE) or Quadra-Pole Backscatter Detector (QBSD). The SE detector is the normal imaging detector (it shows surface topography) and the QBSD shows gray scale differences based on average atomic weight (the higher the atomic weight the brighter the image area). Semi-quantitative chemical analysis was done by Energy Dispersive Spectroscopy (EDS) using an EDAX Model Leo-EVO-50EP 132-10 Spectrometer. Working distance was approximately 9 mm. Locations on the electrode ends before coating and after coating were imaged. After coating, areas of thin coating as well as areas of thick coating were compared and contrasted.
Metals analysis of ionic liquids
Approximately 1 gram of each ionic liquid was weighed out to within 0.0001g into separate 50-mL, polypropylene digestion vials. Approximately 15 mL of concentrated nitric acid (trace metals grade) was added to the vials. The vials were covered with a polypropylene watch glass and allowed to reflux at ~90 o C for 2 hours. The samples were cooled and brought to a final volume of 100 mL in polypropylene volumetric flasks. The solutions were then analyzed for metals. The samples were analyzed on a TJA IRIS Advantage inductively coupled plasma atomic emission spectrometer (ICP-AES) interfaced to a COMPAQ Deskpro computer using ThermoSPEC software for data collection. The system was calibrated from 0 to 10 ppm using a certified calibration standard. The calibration curve was verified using a certified 1 ppm check standard. Each sample was aspirated into an argon plasma using an autosampler, a peristaltic pump, and a nebulizer. All elements were analyzed simultaneously. For each element, three replicate emission intensities were measured by the charge injection detector in the spectrometer, averaged, and converted to solution concentrations using the established calibration curve. A detection limit of 100 ppb (ug/L) was established for the analysis.
Anion analysis of ionic liquids
Approximately 1 gram of each ionic liquid was weighed out to within 0.0001g into separate 50-mL polyethylene centrifuge tubes. Exactly 20 mL of 18 Megaohm deionized water was pipetted into each the vial. The vials were capped, shaken vigorously for 1 minute, and then sonicated for 2 hours. The vials were then centrifuged for 1 hour at 5000 rpm. The supernatant liquids were analyzed for anions by ion chromatography. A Dionex ICS-2500 High Performance Ion Chromatograph with Eluent Generator was used to perform the anion analyses. This was accomplished using a Dionex AS4A analytical column coupled to a Dionex AG4A guard column. A 2-mL/min flow rate of 30 mM hydroxide solution was produced electrolytically by the eluent generator using a KOH cartridge. Samples were injected onto the column using a 25 microliter sample loop. The background was suppressed electrolytically using an anionic self-regenerating suppressor (193 mA) and 18 Megaohm deionized water at a flow rate of 4 mL/min. Analyte peaks were detected using a conductivity detector. The chromatograph was interfaced to a Dell GX260 Pentium 4 computer using Windows XP and Chromeleon software (Version 6.50) for data acquisition and manipulation. Calibration curves for each analyte were generated using linear least squares best fit lines generated from the peak area of the standards.
Extraction of ionic liquids and analysis of purification column residue
The non-chromatographed and chromatographed EMIBTI were extracted with hexane. Methylene chloride, as well as other solvents were attempted, but all were miscible with the ionic liquid. Approximately 1 mL of each sample was added to approximately 1 mL of HPLC grade hexanes. The samples were thoroughly shaken and allowed to separate overnight (hexanes on top, ionic liquids on the bottom). The upper layer of hexanes was removed, and analyzed using GC/MS. Approximately 1 µL of the sample was injected into a gas chromatograph (Agilent 6890 with a Restek RTX-5MS 30-meter column) with a mass selective detector (Agilent 5973) for analysis. GC oven conditions were 3 minutes at 40°C and then increased to 350°C at 10°C/minute. In another experiment, the resultant brown residue in the chromatography column (the top layer) was extracted with methanol to give about 0.01 grams of a tan solid. This material was analyzed using Mass Spectrometry and Nuclear Magnetic Resonance.
Results
The effect of the purity of the ionic liquid on the electrochemical growth of the PProDOT layers was compared using standard electrochemical techniques. Figure 1 shows the growth characteristics of PProDOT grown in the non-chromatographed ionic liquid. There were no discernable differences between growth characteristics of films grown using the nonchromatographed and the chromatographed ionic liquid. 
Capacitor performance
The results shown in Figure 2 indicate there appears to be very little, if any difference between the initial electrochemical behaviour of the devices that were grown and cycled in chromatographed EMIBTI and devices that were grown and cycled in nonchromatographed EMIBTI.
Fig. 2. Electrochemical behaviour comparison of supercapacitors using chromatographed (blue) and non-chromatographed (red) EMIBTI.
The long-term cycling performance of supercapacitors using the different grades of EMIBTI was then examined. As seen in Figure 3 , devices grown and cycled using chromatographed EMIBTI improved long-term behaviour as far as charge retention and the ability to operate (store and release charge) at the maximum potential of 1 Volt. Figure 3 shows that the electrochemical behaviour of the supercapacitor using chromatographed EMIBTI after 10,000 full cycles is nearly identical to that of the original (in Figure 2) ; whereas the electrochemical behaviour of the supercapacitor using the nonchromatographed sample is significantly degraded after 10,000 full cycles. Fig. 3 . Electrochemical behaviour comparison of supercapacitors after 10,000 cycles using chromatographed (blue) and non-chromatographed (red) EMIBTI.
In order to elucidate the effect of the growth versus the cycling electrolyte, the same sets of experiments and analysis were performed on capacitors in which the PProDOT was grown in the chromatographed and cycled in the non-chromatographed, and on capacitors in which the PProDOT was grown in the non-chromatographed and cycled in the chromatographed. Table 1 Interestingly, devices that were grown in the chromatographed EMIBTI and cycled in the non-chromatographed EMIBTI showed an immediate lack of performance at the full device potential, with 30% lower on average initial capacity, which is shown in Figure 4 . The devices that were both grown and cycled in the non-chromatographed EMIBTI didn't lose the full cycle potential until after more than 2000 cycles. There was a slight decrease in the overall voltage, along with a 12% loss in initial capacity after 10,000 cycles. If the initial capacity loss is included, it can be qualitatively concluded that the overall capacity loss is about the same as those films cycled and grown in both the non-chromatographed EMIBTI.
Devices that were grown in the non-chromatographed EMIBTI then cycled in the chromatographed EMIBTI showed a 36% loss in capacity after 10,000 cycles but still retained the ability to move and store charge at 1.0 Volts. The over-voltage behaviour of the devices using each grade of EMIBTI was compared. Devices were cycled to well past the potential where PProDOT stores and releases energy. Each system was subject to over-voltage at 2.5, 3.0 and 3.5 volts for 100 cycles at 90% depth of discharge. All samples, regardless of whether the EMIBTI was chromatographed, decayed rapidly, and there appeared to be no quantifiable difference between samples.
Electron microscopy of electrodeposited films
The properties of the films from each grade of EMIBTI were elucidated using Scanning Electron Microscopy to determine whether there are any significant and quantifiable differences between the architecture of the films. Figures 5 and 6 are typical Electron Micrographs of the PProDOT polymer films deposited shown at 15 and 500 times magnification. There was no discernable difference in the film topography by electron microscopy between films grown with the chromatographed and films grown with the nonchromatographed EMIBTI. Note that the polymer film is deposited in the circular area in the 15X magnification. The rest of the photo shows the poly(tetrafluoroethylene) casing of the electrode. The image quality was adversely affected since the intact, 158 mm long and 61.6 gram electrode needed to be in the chamber (a rather unique circumstance for SEM) to properly image the electrode end coated with the PProDOT film. Analysis using EDS elemental analysis determined that there is no significant difference in the incorporation of key elements 13 (C, N, O, F and S for example) into the polymer layer as well as any traces of impurities such as Cl. At this semi-quantitative scale it could not be determined whether the amounts of impurities in the EMIBTI samples correlated with any impurities found in the polymer films. Figure 7 is an overlay of the EDS of polymer films grown in chromatographed and non-chromatographed EMIBTI, and shows that the elemental profiles of each film are for all practical purposes identical. These results support the hypothesis that the impurities in the non-chromatographed EMIBTI degrade the longterm switching of devices and not necessarily the short-term behaviour and/or the electrochemical growth of PProDOT. Fig. 7 . Overlay of the EDS Spectra of polymer films chromatographed (blue) and nonchromatographed (red).
Neither film had any measureable amount of impurity such as chloride. Platinum was often detected over the area of measurement, but this was due to the thinness of the film on the platinum substrate and the x-ray interaction volume caused by the electron beam.
Metals analysis of ionic liquids
The samples were analyzed using the previous protocol for the following elements: Al, As, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Sb, Se, Si, Sn, Sr, Ti, Tl, V and Zn. The detection limit for these elements is 100 ppb. Sodium, Na, was the only element that was detected: 210 ppm in the non-chromatographed sample and 290 ppm in the chromatographed sample. The propylene carbonate, used in the electrochemical growth of the polymer films, was also analyzed and found to have no detectable impurities at this reporting limit. These results for the most part are not particularly surprising since both EMIBTI samples were extracted many times with water. The lack of Li present in either sample is quite significant, as Li + is a major component of one of the starting materials, and could have an effect on the electrochemical properties.
Anion analysis of ionic liquids
Chloride and fluoride were detected above the threshold in each sample. This technique detected 1.25 ppm chloride and 2.23 ppm fluoride in the non-chromatographed sample and 0.265 ppm chloride and 0.401 ppm fluoride in the chromatographed sample. This result is noteworthy in that chloride is well-established as an undesirable impurity in ionic liquids and can affect many factors 10, 11 , not just electrochemistry.
Extraction of ionic liquids and analysis of purification column residue
The hexane extracts of both samples were clear and colorless. The extract of the chromatographed ionic liquid had a higher concentration of common components extracted (possibly contaminants from the glue in the vial caps) and visible in the gas chromatogram than the non-chromatographed sample. However, there were a few components present in the non-chromatographed sample that were not in the chromatographed sample. Since these compounds were most likely removed during the purification. The impurities (non-common components) detected by this technique appeared to be degradation products of imidazole. The Mass Spectrometry analysis of the column residue was inconclusive. Only siloxanes (glassware grease and silica gel dissolved by the methanol) were detected, and only at very small levels. Nuclear Magnetic Resonance Spectroscopy ( 1 H NMR) in d 6 acetone indicated the presence of an ethyl methyl imidazolium salt. This was verified by the 2 single peaks at 7.80 and 7.79 ppm, a single signature peak at 9.41 ppm, a single methyl peak at 4.0 ppm as well as the quartet-triplet signature peak of an ethyl group at 4.4 and 1.6 ppm respectively.
Comparison of this spectrum to ethyl methyl imidazolium chloride, with a signature peak at 10.84 ppm and EMIBTI, with a signature peak at 9.02 leads to the conclusion that this imidazolium impurity is neither a pure chloride nor pure BTI salt of imidazolium, though it could be a mixture of chloride and BTI salts, or a completely different imidazolium compound. NMR also indicated the presence of some type of hydrocarbon-based impurity which was difficult to identify.
Summary and conclusions
The purity of ionic liquids was found to be a critical factor in the performance of electroactive polymer-based energy storage devices. The chemical identity of the electrodeposited films is for all practical purposes identical as determined by semiquantitative quantum backscatter experiments. Films grown and switched in the chromatographed ionic liquid retained the most activity at higher voltages and retained 93% of initial capacity after 10,000 cycles at 70% depth of discharge. Films grown and switched in the non-chromatographed ionic liquid retained the least activity at higher voltages and retained only 53% of initial capacity after 10,000 cycles at 70% depth of discharge. Films grown in the non-chromatographed ionic liquid and switched in the chromatographed ionic liquid retain the ability to store and transfer charge at the upper end of the voltage window, but retained only 64% of the initial capacity. Films grown in the chromatographed ionic liquid and switched in the non-chromatographed ionic liquid degrade more slowly as those grown and switched in the non-chromatographed liquid (88% capacity retained) but devices made from these films do not have the higher voltage (greater than 0.5 Volts), activity and the initial overall capacity of the films was consistently 30% lower. Therefore, there must be some trace impurity in the non-chromatographed ionic liquid that is responsible for the performance degradation. This impurity affects the behaviour of the devices when it is used as a supporting electrolyte for the electrochemical growth, as well as an electrolyte for the device. Based upon the results using the chromatographed EMIBTI as the growth solvent and non-chromatographed EMIBTI as the cycling solvent, the incorporation of this impurity into the polymer film appears to significantly degrade the full device potential. Residual lithium ion can be ruled out for all practical purposes as it was well below 100 ppb for both samples. Devices using both types of EMIBTI degraded very rapidly at severe overvoltage, due to the irreversible oxidation of PProDOT being nearly independent of electrolyte impurity. The impurities possibly responsible for performance issues have been narrowed down to the following: 1) The presence of 40% more sodium in the chromatographed sample may be beneficial to device performance. As unlikely as this is, this cannot be ruled out at this time.
2) The presence of 5.5-fold more fluoride and 4.7-fold more chloride in the nonchromatographed sample. This is a likely source of the performance degradation given the effect of chloride and fluoride on electrochemical performance 9 .
3) The presence of an organic impurity, namely an imidazolium salt of an anion that is neither chloride nor bis(trifluoromethyl sufonylimide) salt. This imidazolium impurity was detected from the material left behind on the chromatography column and must also be considered a very likely source of performance degradation. 4) An impurity that was undetected and/or unidentifiable by the analytical techniques that were used in this study. The removal of these impurities using the chromatography described in this paper and/or other purification techniques 14 is recommended for electrochemical synthesis and analysis. 
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